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NOMENCLATURE
Symbol Definition Units
Ac Moving cladding cross-sectional area m?
AFRV Input constant in single-phase friction factor formula, Eq.
13.2-5
Af Total area allowed for cladding by the fuel m?
Amax Available area for molten cladding m?
As Refrozen steel cross-sectional area m?
Ay Vapor flow area m?
a Constant in viscosity Eq. 13.2-18a K
BFRV Input constant, see AFRV --
br Molten cladding/pin turbulent friction factor, Eq. 13.2-16b --
C Liquid-steel volumetric coefficient of thermal expansion, Eq. K1
13.2-39
Ca Mass convection term kg/m-s
Cr Terms in the outer-fuel-node energy Eq. 13.3-17 W/m
Cm Momentum convection term m/s?
Cv Energy convection term, Eq. 13.3-9 W/m
Cy, C2, C3 Input constants in the correlation of liquid metal heat
transfer,
Cf Eq. 13.2-28 -
Cpc Coefficient of friction with fuel pin, Eq. 13.2-15 --
Cpf Molten cladding specific heat capacity J/kg-K
Cps Fuel specific heat capacity J/kg-K
D¢ Solid steel specific heat capacity J/kg-K
D¢ Molten cladding hydraulic diameter m
Dy Hydraulic diameter for bare fuel or fuel pin m
Dy Hydraulic diameter for the vapor m
ec Moving cladding internal energy J/kg
el Constant, Eq. 13.2-42 J/kg
es Refrozen steel internal energy J/kg
Fp Pin/molten-cladding friction force per unit volume of molten =~ N/m?3
cladding
Fy Cladding/vapor interfacial force per unit volume of channel N/m3
f Melt fraction --
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Symbol Definition Units

fps Full-power seconds from initial cladding motion S

(fps)o Constant in incoherence factor on friction, Eq. 13.2-11 S

fs Single-phase friction factor for vapor --

g Gravitational constant m/s?

h Coefficient of heat transfer to the molten cladding from the W/m?-K
solid interface

[ Incoherence multiplier on friction --

j Index for axial segment --

AK Reactivity change due to cladding relocation ok/k

ke Molten cladding thermal conductivity W/m-K

ke Fuel thermal conductivity W/m-K

M Friction multiplier due to flooding (M is also the total steel --
mass in channel)

m; Mass of cladding in segment j kg

m]‘-’ Initial mass of cladding in segment j kg

m, Mass rate of cladding melting per unit length of channel kg/m-s

m, Rate of vapor generation per unit length of channel kg/m-s

n Index for time step --

Pe Outer perimeter of intact cladding m

P: Perimeter of the cladding solid/liquid interface m

P/D Pitch-to-diameter ratio for fuel pins --

ap/oz Channel axial pressure gradient Pa/m

Qj Cumulative pin segment heat loss from beginning of heat J
transfer time step

Qnt Volumetric heat generation in outer fuel segment W/m3

q Input constant, Eq. 13.2-18b --

Re Molten cladding Reynolds number, Eq. 13.2-17 --

(Re)breax Turbulent transition Reynolds number, Eq. 13.2-16 --

(Re)v Reynolds number for vapor --

r Radius (from fuel pin axis) m

INR,INT Fuel radii defined in Fig. 13.3-1 m

Ar Half-thickness of molten cladding layer m

Ar; Half-thickness of the intact cladding m

Ars Half-thickness of the refrozen cladding m

13-viii
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Symbol Definition Units

Ary, Half-thickness of the structure m

Te Moving cladding temperature K

Tt Fuel surface temperature K

T; Intact cladding temperature K

Tm Cladding melting temperature K

Tref Reference temperature in density Eq. 13.2-38 K

Ts Refrozen cladding temperature K

Tw Structure temperature K

t Time S

t* Time at beginning of current heat-transfer time step S

At CLAP (coolant) time step S

At* Heat-transfer time step S

Ve Moving cladding velocity m/s

Vflood Flooding velocity m/s

W; Cladding reactivity worth distribution ok/k-kg

w Vapor mass flowrate kg/s

Wj Segment midpoint mass flow, Eq. 13.3-14 kg/s

wi™* Segment boundary mass flow, Eq. 13.3-10 kg/s

W, Segment mean mass flow, Eq. 13.3-11 kg/s

X Constant in incoherence factor on friction, Eq. 13.2-11a --

V1, Y2 Constants in linearized pin friction equation N/m3

vA Elevation m

Zj Segment boundary elevation m

Zm,j Nodal elevation, Eq. 13.3-13 m

Az; Segment length m

a Vapor fraction based on area available for molten steel and --
vapor

Olcrit Input constant in two-phase multiplier, Eq. 13.2-10 --

B Steel (solid) coefficient of linear thermal expansion, Eq. 13.2- K1
38

r Factor in correction of cladding area for overfilled segments m3

Ye Computer coefficient, Eq. 13.3-22

Vi Computed coefficient, Eq. 13.3-19

€ Input constant in two-phase multiplier, Eq. 13.2-10 --
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Symbol Definition Units
0 Multiplier on heat loss to structure (usually = 1) --
A Effective heat-of-fusion, Eq. 13.2-26 J/kg
A° Thermodynamic heat-of-fusion J/kg
e Moving cladding viscosity Pa-s
[T Cladding viscosity at the liquidus temperature Pa-s
s Solid cladding pseudo-viscosity, Eq. 13.2-18c Pa-s
Wt Cladding viscosity at the solidus temperature Pa-s
Ky Vapor viscosity Pa-s
&, Ew Computed coefficients -
1,82, &3 Computed coefficients -
Pe Molten cladding density kg/m3
pc’ Density of cladding at the liquidus temperature kg/m3
pf Fuel density kg/m3
Ps Refrozen steel density kg/m3
ps° Solid cladding density at the reference temperature kg/m3
Py Vapor density kg/m3
[0) Sensible heat flux from refrozen cladding to the molten W/m?
interface
b, Flux of sensible heat into the moving cladding layer W/m?
bny Fusion heat flux, Eq. 13.2-24 W/m?
(O Heat flux at interface of intact and refrozen cladding W/m?
Periar Trail heat flux, Eq. 13.2-36 W/m?
(0N Heat flux, Eq. 13.2-34 W/m?
(O Heat flux, Eq. 13.2-35 W/m?
Y Mean ratio of thermal-to-momentum eddy diffusivities --
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CLADDING MOTION MODEL — CLAP
13.1 Introduction and Overview

13.1.1  Background and Description of the CLAP Physical Model

The CLAP Model [13-1, 13-2] computes cladding relocation and phase changes for
accident situations in which the fuel geometry is still essentially intact. Such a situation
typically arises in undercooling accidents during which coolant voiding and pin dryout
occur, followed by rapid heating and subsequent melting of the cladding. In the usual
accident scenario, the cladding motion proceeds as follows: (i) the molten cladding may
initially rise due to the pressure gradient and viscous shear forces generated by the
sodium coolant vapor flow in the dried-out section of the core, (ii) the rising molten
cladding then freezes upon encountering cooler structure in the region immediately
above the active fuel (either the upper reflector or upper blanket region, depending
upon the reactor design), and (iii) the upper frozen-cladding blockage throttles the
vapor flow, thus allowing the remaining molten cladding to drain under the influence of
gravity. The cladding motion and phase changes significantly affect the subsequent
course of events in the scenario both through the influences of cladding-motion-related
reactivity changes and frozen-cladding blockages that possibly inhibit later fuel
motions.

The available SAS3D cladding relocation model, CLAZAS [13-3], is inflexible in
calculation of the consequences for such diverse mechanistic and/or postulated
phenomena. This model suffers from several shortcomings in the estimation of cladding
accelerations. First, the use of large cladding segments can lead to a significant change
in results following relatively minor input changes. Second, the model-dependent
Lagrangian mesh leads to difficulties in integrating consistently with the voiding
dynamics and fuel motion models. Third, the formalism does not provide flexibility with
respect to the mode of cladding refreezing or with respect to variations in the time-
dependent coupling to the sodium-vapor dynamics. If treated correctly, the influence of
sodium-vapor dynamics could result in a possible display of oscillatory effects.

The CLAP model uses and Eulerian numerical formulation coupling the time-
dependent continuity, momentum, and energy equations for a film of moving cladding,
the continuity and energy for sodium vapor, and the SAS4A pin heat-transfer
calculation. This is accomplished by interconnecting an implicit solution for the low-
density sodium vapor with an explicit, modified upwind differencing procedure for the
high-density cladding. Axial resolution depends on the mesh spacing selected by the
user. The key phenomena influencing cladding motion in CLAP are the degree of
interfacial sodium vapor friction and the cladding heat transfer. Input that controls
these phenomena permits a variety of experimental situations to be simulated.

As shown in the schematic in Fig. 13.1-1, the CLAP model divides the core axially
into two types of zones. In the central zone, the cladding is molten and is in motion. In
that region, heat is transferred directly from the fuel surface to the molten cladding. In
the zones at either end of the fueled region is intact cladding. Due to cladding motion,
the intact cladding may be coated with refrozen cladding and/or molten cladding.

ANL/NE-12/4 13-1
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13.1.2 CLAP Module Structure and Interaction with Other SAS4A Models

The initiation of CLAP and the decision for adding axial segments to the molten-
cladding zone occurs in the fuel-pin model TSHTRV. During cladding motion, the fuel-
pin model TSHTRV continues to evaluate the fuel temperatures and, outside of the
molten zone, the temperatures of the intact cladding. Coupling between TSHTRV and
CLAP allows for heat transfer between the fuel and molten cladding in the molten-
cladding zone and between the initial cladding and refrozen (or molten) cladding
outside the molten zone.

The CLAP subroutines are called every coolant time step and, as shown in Fig. 13.1-
2, are called from various locations in the sodium voiding module. The functions of the
CLAP subroutines are as follows:

TSCLD1 - (i) initiates CLAP variables, (ii) adds segments to molten zone, (iii)
calculates local heat transfer between molten steel and fuel within the molten zone, (iv)
calculates local heat transfer between the initial cladding, refrozen cladding (if any),
and molten cladding (if any) outside of the molten zone, and (v) computes mass and
areas of the refrozen and molten cladding allowing for convection and phase change;

TSCLD2 - solves the momentum equation to obtain the velocity of the molten
cladding film and contains the CLAP output and debug print statements;

SODFRC - computes the two-phase friction factor used to evaluate the interfacial
shear stress between the sodium vapor and molten steel;

DENSIT - evaluates the cladding melt fraction, temperature, and density as a
function of cladding specific internal energy.

The CLAP subroutine TSCLD1 computes the current (local) vapor flow areas and
hydraulic diameters, which are used by the sodium voiding model. Also, TSCLD1 may
reduce the current coolant time step, if necessary (based on a Courant condition
criterion), and require the coolant dynamics model to reevaluate current flow
parameters.

The CLAP subroutine TSCLD2 is called later and utilizes updated sodium vapor
velocities and pressures to compute the molten cladding velocity for the beginning of
the next time step. Local two-phase friction factors (to evaluate the gas/liquid
interfacial stress), which are computed by TSCLD2 for the next time step, are passed to
the sodium voiding model.

Coupling of CLAP with the reactivity model consists of current cladding mass
distributions (axial) computed in TSCLD1 being utilized in the subroutine FEEDBK to
evaluate the reactivity change due to cladding relocation.

13-2 ANL/NE-12/4
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Fig. 13.1-1. Schematic of CLAP Geometry Treating Cladding Relocation
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13.2 Mathematical Model

13.2.1 Sodium Vapor Flow Model

The sodium vapor flow generates the axial pressure gradients and interfacial shear
forces, which influence the motion of molten cladding. The cladding motion in turn
changes flow areas, hydraulic diameters, and surface roughness which all affect the
sodium vapor flow. The governing equations for the sodium vapor, while presented
elsewhere (Section 12.6.1) in more detail, are reproduced here to show the intimate
coupling between the sodium vapor dynamics and cladding motion. The conservation
equations for the sodium vapor are

0 ow
—(Ap,)+—=ri, 13.2-1
at( p ) 0z ( )
m,w/A p,, if condensing (13.2-2a)
a—W+i(w2 /A, pv) +A [a—p+Fv]=
ot 0z 0z . ..
0, if vaporizing (13.2-2b)
where
Ay, = vapor flow area
pv = vapor density
w = vapor mass flowrate
m, = the rate of vapor generation per unit length of channel
ap . .
o = channel axial pressure gradient
Z
F, = cladding/vapor interfacial friction force per unit volume of vapor.

The friction force term is evaluated from the following equation:

M
g, = fsrMw vl (13.2-3)
2p, A3 D,
where
fsr = single-phase friction factor

M = flooding multiplier

Dy, = hydraulic diameter for the vapor.
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The hydraulic diameter is estimated by
D, =D,\a (13.2-4)

where

Dn

hydraulic diameter for bare fuel or fuel pin (depending upon the zone)
a = vapor fraction based on area available for molten steel plus vapor.

This equation assumes that the hydraulic diameter D, varies as the square root of the
area y (which would be exact for a circular vapor flow passage) and hence scales as the
square root of vapor fraction (proportional to the flow area).

The smooth wall (single-phase) friction factor is given by

f,; = AFRV (Re)/™ (13.2-5)

(Re) =wD,/ Au, (13.2-6)

where

AFRV, BFRV = input constants
Wy = vapor viscosity.
For consistency, the inputed constants AFRV and BFRV used in CLAP are identical to

those used in the sodium voiding model.

The flooding multiplier is flow-regime dependent. The transition from smooth wall
friction (M = 1) to a chaotic two-phase flow structure (M = Mza, where Mzq is defined
later) occurs nominally when the vapor velocity exceeds the flooding velocity. The
current version of CLAP uses the correlation of Fauske, et al. [13-4]:

172

32 A
vﬂood = _M (132'7)
3 P, f;f M2<I>
where
Ar. = one-half the molten cladding thickness
pc = molten cladding density.

The CLAP model has a hysteresis effect in the treatment of the flooding multiplier
whereby flooding and the inverse, deflooding, occur at slightly different velocities as
follows:

13-6 ANL/NE-12/4
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set M" = M,,,if M"™" =1and|w/Ap,|>1.1v,,, (13.2-8)

set M" =1,if M"™" =M, and |W/Avpv

<0.9v,,., (13.2-9)

where n is the current time-step number. If the conditions in either Eq. 13.2-8 or 13.2-9
are not met, then the previous value of M is retained.

The two-phase friction multiplier is given by

M,, =I-[1+g (l—a)] fora>a,, (13.2-10a)

My =Il+e(1-a,)]  forasa, (13.2-10b)

where € and acri¢ are input and [ is an incoherence multiplier. For values of € = 75 and
acric = 0, Eq. 13.2-10 is equivalent to the Wallis correlation [13-5].

Radial incoherency in cladding melting, which occurs during the early portion of
cladding motion, results in a lower bundle pressure drop and lower cladding velocity
than predicted by one-dimensional models that ignore this effect [13-6]. The
incoherence multiplier allows for this incoherency effect by temporarily reducing the
two-phase friction multiplier during early cladding motion in the following manner:

= fps!( fps)o]" for fps <(fps), (13.2-11a)

I=1 for fps = (fps), (13.2-11b)

where fps are full-power seconds since cladding first moved in a channel and (fps)o and
x are input constants.

The code sets M2y equal to unity, equivalent to a smooth wall friction factor, if the
value of Mz, computed by Eq. 13.2-10 is less than unity. Consequently, the effect of the
multiplier "I" is to delay flooding by (fps)o full-power seconds. For cases where the
vapor velocity is below that necessary for flooding, neither (fps)o nor € will have any
effect on the cladding motion. Values for (fps)o and x of 0.3 and 3 are provisionally
recommended; better values will be determined later by calibration of the CLAP model
using experimental data.

13.2.2  Moving Cladding Basic Equations

The mass, momentum, and energy conservation equations for moving (molten)
cladding are

ANL/NE-12/4 13-7



The SAS4A/SASSYS-1 Safety Analysis Code System

_(IOC Ac)+ _(pc Ac Vc)=mc (132-12)

Lpac) Llp avhea?

ot ‘ 0z CCT oz
m,_ v if freezing (13.2-13a)
+A0Fp_At’E/+Acpcg=
0, ifmelting (13.2-13b)
J 0 .
—(p,Ae)+r—(p,Ave)=¢ P +me, (13.2-14)
ot 0z
Ac = moving cladding cross-sectional area
ve = moving cladding velocity
m, = mass rate of melting of substrate per unit length of channel (or rate of
freezing if negative)
F, = pin friction-force per unit volume of molten cladding
ec = moving cladding internal energy
¢, = flux of sensible heat from the solid/liquid interface into the molten
cladding
Pr = perimeter of solid/liquid interface.

The pin or bare-fuel friction force is evaluated by the following:

/2D, (13.2-15)

Fp =C; PV, |V,

where

cr pin friction factor
D:. = molten cladding hydraulic diameter.

The CLAZAS [13-3] formulation for the friction factor has been incorporated into
CLAP:

¢, =64/Re for Re< (Re), ., (13.2-16a)
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¢, =b, for Re= (Re)bmk (13.2-16b)
where Re is the molten-cladding Reynolds number defined by:

Dcpc vc

MU,

Re (13.2-17)

(Re)prear is the critical Reynolds number for the transition from laminar to turbulent
friction and bs is the turbulent Moody friction factor. The CLAZAS derived values for
(Re)break and brof 2.1 x 103 and 2.0 x 10-2 are currently recommended as input values.

The cladding viscosity depends upon the cladding temperature T. and melt-fraction
f as follows

u.=u, exp(a/Tc —a/Tm) for T >T (13.2-18a)
uo=(u, -1, (1= 1) + 1, for T =T, (13.2-18b)
U, = U, for T, <T, (13.2-18¢)

where Ty, is the cladding melting temperature, us, ys, um are the user-supplied viscosities
for solid cladding, at the solidus temperature, and cladding at the liquidus temperature,
and a and q are input constants. Values for um and a of 6.42 x 10-3 Pa's and 5492 K are
recommended [13-7]. The input parameters u:, s, and q are not properties per se, but
are constants in a phenomenological model and hence need to be determined by
calibration with cladding motion test data. In general, the values selected for y: and us
should be sufficiently large to effectively arrest cladding motion for solid cladding.
Provisional values for both u: and us of 10% Pa‘s (10> poise), from the CLAZAS sample
problem [13-3], and for q of 0.5 are recommended.

The momentum and energy Egs. 13.2-13 and 13.2-14 are converted to non-
conservative form using Eq. 13.2-12, giving the following:

0 if freezing (13.2-19a)
pc[alm avf]+a—p+FP—ﬁE +8p, =
ot dat | 9z A, ) . .
-m.v. /A, if melting (13.2-19b)
aec ae{] ¢C Pr
-tV =" (13.2-20)

a “az  Ap.
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13.2.3 Refrozen Cladding Basic Equations

The conservation equations for the refrozen steel layer are

_(Ps As)= -, (13.2-21)

ot

J .

E(ps Ae)=¢ P-¢P —m,e, (13.2-22)
where

ps = refrozen steel density

As = refrozen steel cross-sectional area

es = refrozen steel internal energy

¢, = heat flux at the interface between intact cladding and refrozen cladding

P. = outer perimeter of intact cladding

¢ = flux of sensible heat from the refrozen cladding to the melt (solid/liquid)

interface.

Recall that the quantity 7, was the rate of melting (negative for freezing) and hence
appears as a sink (negative sign) in the refrozen cladding Eqgs. 13.2-21 and 13.2-22.

By manipulating the preceding equations, we obtain the nonconservative form of
the energy equation:

% _ (¢rpe _¢Pr)

(13.2-23)
at PsAs

Note that the sensible heat fluxes on either side of the melt layer are not the same (see
Fig. 13.2-1b). The difference ¢xsis the heat flux for fusion, defined by

Dy =9 =9, (13.2-24)

The rate of melting (or freezing, if negative) is directly related to the fusion heat
flux:

i, = Py | A (13.2-25)

where A is an effective heat of fusion of the cladding defined as
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A=e -e (13.2-26)

13.2.4 Heat-transfer Relationships

13.2.4.1 Moving Cladding on Bare Fuel

The configuration in the molten zone is shown in Fig. 13.2-1a. There is no solid
cladding in this region and, therefore, the heat flux for melting, ¢y, is zero. The sensible
heat flux is given by

b= /(T —T.) (13.2-27)
where

Tr = fuel pellet surface temperature

h = coefficient of heat transfer from the fuel to molten cladding.

The heat-transfer coefficient for the moving cladding is defined from a correlation
for liquid-metal heat transport as

hD, 1k, = C(D, p.c, |1k ) +C, (13.2-28)
where

kc = molten cladding thermal conductivity

cpe = molten cladding specific heat capacity

(1, (3, (3 = input constants.
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Fig. 13.2-1. Schematic Showing the Different Heat-Transfer Configuration

in CLAP
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The same correlation and constants are used for computing heat-transfer
coefficients for single-phase sodium flow in the channel, (Eq. 3.3-9 of Chapter 3). The
correlation of Maresca and Dwyer [13-8] for in-line flow in rod bundles is
recommended, for which the constants are:

C, =0.0155( )% (13.2-29a)
C, =0.86 (13.2-29b)
C, =6.66+3.126(P/ D) +1.184(P/ DY (13.2-29¢)

where 9/ = mean ratio of the thermal and momentum diffusivities, and P/D = rod pitch-
to-diameter ratio. Since the code does not allow for flow-rate-dependent values for Cj, it
is suggested that ' be set equal to unity in Eq. 13.2-29a with the understanding that
the resulting heat-transfer coefficients will be slightly overestimated.

13.2.4.2 Moving Cladding on Intact and Refrozen Cladding

Various configurations can exist in the region outside the molten zone, depending
upon whether or not moving cladding and/or refrozen cladding are present in addition
to the original intact solid cladding. In this subsection, we consider the case where all
three components are present (see Fig. 13.2-1b). The various heat fluxes shown in the
figure are given by

¢, =k (T, -T)/(Ar + Ar,) (13.2-30)

¢, =k (T,~T,) A, (132-:31)

¢.=h(T,-T.) (13.2-32)
where

T; = temperature of the intact solid cladding

Ts = temperature of the refrozen cladding

Tm = cladding melting temperature

Ar; = half-thickness of the intact solid cladding

Ars = half-thickness of the refrozen cladding.
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The film coefficient formula is identical to Eq. 13.2-28 and the fusion heat flux ¢xsis
given by Eq. 13.2-24.
13.2.4.3 Intact and Refrozen Cladding

In the absence of moving cladding (see Fig. 13.2-1c), we set ¢ = 0 and ¢i = 0. The
heat transfer between the initial and refrozen cladding is computed from

¢, =k (T, -T,)/(ar; + Ar,) (13.2-33)

which is identical to Eq. 13.2-30.

13.2.4.4 Intact and Moving Cladding

The moving cladding may be sufficiently hot to melt through the layer of refrozen
cladding; this results in the configuration (see Fig. 13.2-1d) in which just the intact
cladding and moving cladding are present. In the numerical model this situation also
arises when moving cladding first contacts the intact cladding in an axial segment, in
which case refrozen cladding is formed and will be present in the next time step.

The heat fluxes ¢1 and ¢, and trial heat flux are calculated as follows

¢ =k (T -T,)Ar (13.2-34)
¢, =h(T,-T) (13.2-35)
Dot =H — P, (13.2-36)

Recalling that ¢- is the outer surface heat flux for the initial cladding, ¢. the sensible
heat flux for moving cladding, and ¢xs the latent heat flux associated with refrozen
cladding, we have

¢hf =0,4, =¢,and ¢, = ¢, forg,,, =0 (13.2-37a)
Dyr =Piat P, = ¢, and@, = ¢, forg,, <0 (13.2-37b)

13.2.5 Cladding Physical Properties Relationships

The density of the solid and liquid cladding are assumed to be linear functions of
temperature:

0, =p° [1—3/3(T—Tref)] (13.2-38)
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p.=plli-c(r-1,)] (13.2-39)
where

o’ = density of solid cladding at reference temperature Tref

p. = density of cladding at the liquidus temperature

p = linear coefficient of thermal expansion for solid

C = volumetric coefficient of thermal expansion for liquid.

For partly-molten cladding, the density is evaluated using

p=lt-£)p, @)+ f1p.] (13.2-40)

where fis the melt fraction as defined by Eq. 13.2-43.

The internal energies of the solid and molten cladding are also assumed to be linear
functions of temperature

e, =c, T (13.2-41)

e.=e +c,T (13.2-42)

where ¢’ =/ +(Cps —Cpc)Tm, and A’ = heat of fusion. For mixtures, the mass melt

fraction is given by

f=(e—cps T, ) % (13.2-43)

13.3 Method of Solution

13.3.1  CLAP Initialization and Cladding Meltthrough

The temperature and melt fraction of initial cladding are computed after the onset
of boiling by the SAS fuel-pin model located in the subroutine TSHTRV and the
calculation continues after CLAP initiation. This subroutine also contains the logical
statements for CLAP initiation and cladding melt-through.

The first cladding to move is assumed to be the first axial segment that is completely
molten; CLAP is initiated with this first melt-through. Any other axial segments join the
molten cladding region if any one of its three radial segment nodes is molten; i.e., is
above the liquidus temperature.
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When entering CLAP (which uses coolant time steps) from a heat-transfer time step,
a check is made to see whether any previously solid cladding nodes are now to be
treated as molten cladding. If so, the total mass and energy of the initial, refrozen, and
moving cladding are evaluated and these become the mass and energy of the moving
cladding.

13.3.2 Solution of the Cladding Energy Equations

13.3.2.1 Interface with the Fuel-pin Model

There are slight differences in the thermodynamic representations of molten steel in
the fuel-pin and CLAP models. In particular, the fuel-pin model in subroutine TSHTRV
has a melting band (discrete solidus and liquidus temperatures) and a temperature-
dependent specific heat, whereas CLAP has a single melting temperature and constant
specific heats. If cladding temperatures from the fuel-pin model were used directly in
CLAP calculations (for example, in adding segments to the molten region), then,
possibly, energy would not be conserved due to differences in the thermodynamic
models. To insure energy conservation, CLAP instead uses nodal energies rather than
temperatures. A mean energy is computed from the SAS nodal energies:

1 1 1
.= Zel’j +562,j +Ze3’j (133-1)

\NI

where the e;;'s are the energies of the three radial nodes in axial segment j. CLAP then
evaluates the intact-cladding temperature T; and melt fraction using e and Egs. 13.2-41
to 13.2-43.

The fuel-pin model computes fuel temperatures in the molten cladding zone and
both fuel and intact cladding temperatures for the remainder of the fueled section. For
the molten zone, the CLAP routine integrates the fuel surface heat loss for each segment
for a heat-transfer time interval:

t"+ A"

0, =P Az, [¢.di (13.3-2)

where

Az = zp1 -z

t"is time at start of current heat-transfer time step
At*is current heat-transfer time interval

¢cis the heat flux given by Eq. 13.2-27

"o

zjis the elevation at the bottom of the ";'th segment.
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This heat loss is utilized at the outer fuel boundary condition by the fuel-pin model. In a
similar fashion, the heat loss from the outer surface of an intact cladding segment is
computed by

"+ A"

0, =RAz, [ ¢,d (13.3-3)

where ¢ is the heat flux from Eq. 13.2-30 or 13.2-37, depending upon the configuration.
This heat loss becomes part of the outer cladding boundary condition in the fuel-pin
model, being added to the coolant heat loss, if any.

13.3.2.2 Intact and Refrozen Cladding

For this configuration, we set ¢ = 0 (adiabatic outer boundary) in the refrozen
cladding energy Eq. 13.2-23. The energy equation is then combined with Egs. 13.2-30
and 13.2-41 to give

dr,

13.3-4
= ( )

N =§1(7;_7-;)

J

where

&I,j = PekL /I:Axpscps (Ar& + Arl)]‘]

Since Eq. 13.2-23 has been reduced from a general field equation to a nodal equation, it
becomes an ordinary differential equation (in time) in the process. The subscript j, of
course, denotes the axial segment number for which the parameter is evaluated.

Equation 13.3-4 is converted to an implicit finite difference equation by substituting
for the left side, the following:

n
T, _ AT, (13.3-5)
dt dA
and by evaluating Ts; on the right side at the advanced time
n+1 n n
7 =T, + AT, (13.3-6)
giving (after some rearrangement):
0 &(T = T)AL"
AT = ——— (13.3-7)

1+ EA¢

The implicit form is used rather than an explicit solution because it is stable for large &1
(or small As) and a reasonably sized At.
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The heat flux ¢, required for the fuel-pin boundary condition (Eq. 13.3-3) is
evaluated from the energy equation:

Asps CpsATs "

¢r; = PAL (13.3-8)

13.3.2.3  Evaluation of Convective Term in the Moving Cladding Energy Equation

The CLAP model uses a modified donor cell technique developed by Bohl [13-2] for
the evaluation of the convective term

C =4.p.v. i (13.3-9)
0z

in Eq. 13.2-20. This scheme uses a segment boundary mass flow w* which is estimated
by

.1
Wy = E[Ac’f—lpc,f—lvc,/—l + Ac,/pc,/"c,j] (13.3-10)
The flow direction is determined by a mean flow wp:
) (13.3-11)

% %
Wij = E(Wj Wi

The recipe for the convective term for a unblocked segment is as follows

* ec j _ec j—1 *
Cv’j =W, %= for W, > O,Wj >0 (13.3-12a)
Cnj = L jm
* ec jl _ecj *
C,,=w,,———= forw, <0,w,, <0 (13.3-12b)
Zm,j+1 _Zm,j
C,, =0, otherwise (13.3-12¢)

The parameter zy, ; is the nodal elevation, which is related to the segment interface
elevations z; by

m,j J

z A=%(z.+zj+l) (13.3-13)
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If the "j"th segment is nearly blocked, then the energy convection computed by Eq.
13.3-12 may be too large in magnitude. In this case, we define a segment flow w as

w,=A4, 0.V, (13.3-14)

and compute the convective terms by (blocked segment only)

ecj _ec -1
C,,=w,—+——— forw, >0,w >0 (13.3-15a)
‘ Zm,j _Zm,j—l
ecj+1 _ec j
C,,=w,———— forw, <0,w, >0 (13.3-15b)
' Yz o —Z .
m,j+1 m,j
C,, =0, otherwise (13.3-15¢)

The scheme also suppresses convection (sets C, = 0) if the adjoining donor cell
(either j-1 or j+1 depending on the sign of wy,) is blocked.

13.3.2.4 Moving Cladding on Bare Fuel

The outermost radial fuel node in the fuel-pin model is duplicated in CLAP for axial
segments within the molten zone. The outer fuel temperature in CLAP, T}, is reset to the
value computed by the pin model at the start of each heat-transfer time step. However,
between heat transfer time steps, the fuel temperature is computed in CLAP; this is
done primarily to achieve numerical stability, but it may also improve the accuracy of
results. The configuration of the SAS outer fuel node and moving cladding is shown in
Fig. 13.3-1. The transient heat-balance equation for this outer node is

o7 oT
.71'(1’13 _rfiT)prpf a_tf+ 2'7INT kf 8_r|rNT _ﬂ:(rAz/R _rl\%T) QNT = _Pr h(rf _Tc) (13'3'16)

where reference to axial core segment j is tacitly implied.

It is assumed that the heat flow from the interior fuel nodes and the heat generated
in the outer fuel node (given by the second and third terms in Eq. 13.3016) are
relatively constant over one heat-transfer time step. We can therefore approximate
these terms by evaluating them at the beginning of a heat-transfer time step. These
terms are represented symbolically by the constant Cy, defined by

oT

C,=2nar, k, —
! NS ar

o= (e = rar) Oy at 1= 1° (13.3-17)

where t* is the beginning of the heat-transfer time step.
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Fig. 13.3-1. Schematic Showing the Interface of CLAP with the SAS Fuel
Model

Because of the high heat-transfer coefficient to the molten cladding (Eq. 13.2-28),
the fuel-surface temperature and molten cladding temperature are closely coupled. For
that reason, the term representing the instantaneous heat loss to the molten steel (on
the right side of Eq. 13.3-16) is retained as is, rather than incorporating it into the
constant Cr. Combining Eqs. 13.3-16 and 13.3-17 and rearranging, we have

2 +r, ==& (Tf ‘Tc) j (13.3-18)
dt
where
Vri =Cf/[”(rlxsz_rAle)]pfcpf"j (13.3-19)
&= B! 7 (re =) Psyr ]| (13.3-20)

Combining Eqgs. 13.2-20, 13.2-27, 13.2-42, and 13.3-9, one obtains the nodal energy
equation for moving cladding:
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dT. .
Lty =5 (T,- -1) ; (13.3-21)
where
yC,j = CV /(Acpccpc) j (133-22)
§2aj =1)rh/(AcIOccpc) Jj (133‘23)

Equations 13.3-18 and 13.3-21 are converted to time-implicit difference equations
by approximating the time derivatives according to

dar,, _ AT,

1 (13.3-24)
dt A"

a1, AL (13.3-25)
dt At"

and evaluating the temperatures on the right-hand side at the advanced time t**1. After
substituting

n+l n n

I =T, + ATy (13.3-26)
n+l n n

Iy =1.,+AL;, (13.3-27)

the two difference equations are solved simultaneously for ATy and AT. and second-
order terms in At are discarded, with the following results

n _ [EZ(Tf - Tc) - VC]At "
b sy | (13.3-28)

[8:(T; — T.) —vf]At
1+ (&, +&)At

AT = — (13.3-29)

The heat flux ¢, which is needed to evaluate the integral in Eq. 13.3-2, is computed
using a finite difference form of the moving clad energy Eq. 13.2-20:
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Cv AcloccpcATc
4+
P PAt

r

. = (13.3-30)

13.3.2.5 Moving Cladding on Intact and Refrozen Cladding

The nodal energy equation for the moving cladding for this configuration is obtained
by combining Eqs. 13.2-20, 13.2-32, 13.2-42, and 13.3-9, giving

dT. .
#+}/c=§2(Tm_T'c)

13.3-31
" ( )

J

where yc and &; are defined in Eqs. 13.3-22 and 13.3-23.

Solving this equation implicitly, i.e., replacing T. by the updated value,
approximating the time derivative by Eq. 13.3-25, and solving for AT, we get

n

[EZ (Tm - Tc) - VC]At

AT = —
I 1+ &4t

(13.3-32)

J

The equation for the refrozen cladding temperature is found by substituting Egs.
13.2-30, 13.2-31, and 13.2-41 into the energy Eq. 13.2-23, resulting in

dr. .
2=&(n-1)-&(T -1, (133-33)

where
& L 13.3-34
3 ASpSCpSAI/?S‘ . ( . ] )

Converting Eq. 13.3-33 to a finite-difference, implicit equation and solving for AT,
one obtains

n o_ _ [,(T; — T,) — &(T, — T,,)]At|"
Ao = 1+ (& + §3)4t ; (13.3-35)

The heat fluxes ¢ and ¢ are required for the fuel-pin boundary conditions (Eq.
13.3-3) and to evaluate the rate of melting (Eq. 13.2-25). These are evaluated using
discretized versions of the energy Eqs. 13.2-20 and 13.2-23 after computing ¢- from Eq.
13.2-30. Then ¢xris computed using Eq. 13.2-24.

Several constraints apply to ¢u. For positive ¢ (melting), more cladding cannot
melt than actually exists in a frozen state. This restriction can be expressed as
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< AP 13.3-36
D == pip ( )

r

In case ¢i is adjusted to satisfy Eq. 13.3-36, new values of ¢, ¢ and ¢- are computed
from discretized versions of energy Eqs. 13.2-20 and 13.2-23, along with Eq. 13.2-24,
the definition of ¢z

The constraint for negative ¢ns (freezing) arises from the condition that more
cladding cannot freeze then exists in the molten state. Expressed mathematically, the
limit is

> el 13.3-37
¢hj AtP ( )

13.3.2.6 Intact and Moving Cladding

The molten cladding energy equation for this case is identical to that for the case of
moving cladding on intact and refrozen cladding. The molten cladding temperature
change is therefore given by Eq. 13.3-32, which is also displayed below

[EZ (Tm - Tc) - VC]At "

The quantities ¢1, ¢2, and ¢rriar are computed from Egs. 13.2-34 to 13.2-36. Then ¢nf
and ¢ are computed according to Eq. 13.2-37, which we repeat below

¢/1f =0,¢, = ¢ fordeia 20, (13.3-39a)

¢/1f = ¢trial' ¢r = ¢1 for ¢trial <0. (133'39b)

The case of ¢wiat = 0 corresponds to melting of the initial cladding; the heat of fusion
is included in ¢ which is the negative of the heat flux to the pin surface.

For ¢wiat < 0, we obtain a negative ¢nr (freezing) which will result in the appearance
of refrozen cladding during the current time step. The constraint given by Eq. 13.3-37 is
checked and, if not satisfied, then (i) ¢nris set equal to the limit given by Eq. 13.3-37 and
(ii) a new ¢ is computed by

b =P+, (13.3-40)
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13.3.2.7 Heat Loss to Structure

At the onset of cladding motion, the structure is still relatively cool and
consequently constitutes a potentially significant heat sink for the refreezing of
cladding, particularly in small experimental subassemblies. The local heat absorbed by
the structure (per unit length and unit time) is given by

no_ apw(Tm _T:w)

0= Ar Tk + 1/ (13.3-41)
where

6 = multiplier on heat loss to structure (usually = 1)

Py = heated perimeter of the structure

Tw = structure temperature

Ary, = half-thickness of structure.

The present CLAP model allows for the indirect transfer of heat form the moving
cladding to the structure by way of the frozen cladding. An adjustment to the refrozen
clad temperature AT is defined by

T =T + AT, (13.3-42)

where ]A’S”;l is the unadjusted refrozen cladding temperature.
Normally, the temperature adjustment would be given by

n

At

AT =Q
> SAspsts )i

(13.3-43)

However, this formulation would be unstable in the case of vanishing A; or large At. To
achieve stability, we slightly alter the physics; in particular, Tn is replaced in Eq. 13.3-41

by 7;”’;1. This adjustment in Ts is made only for segments where moving cladding is

present; and, for these segments, we would expect the frozen cladding temperature to
be close to the melting temperature, and hence the error in this approximation would
be small. With this modification the adjustment is given by

gpn 2 At (AT~ T,)

. (13.3-44)
J 1+ €,A4t"

where
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B 6P,
Sw = ar, 1 (13.3-45)
Aspscps (T + z)

J

13.3.3 Refrozen Steel Area Calculation

The refrozen cladding mass conservation Eq. 13.2-21 with the source term given by
Eq. 13.2-25 is rewritten in the form

o4, __Ldy _ , 9p, (13.3-46)

Ps ot A S ot

The finite difference form of this equation is

¢/szrAtn+An( n+1 _ n)
1 ) 5,j\Ps,j Ps,j 13.3-47
An-l-—l = A". — J ( . )
s, s,
J J p;ljl

1

After the density o[ is evaluated from Ts’jf using Eq. 13.2-38, then the area As”,;l is

computed using Eq. 13.3-47. The thickness of the refrozen steel layer is computed from
its area by assuming that the refrozen steel forms an annular ring around the intact
cladding.

13.3.4 Moving Cladding Area Calculation
The continuity Eq. 13.2-12 and source term (Eq. 13.2-25) are rewritten as

P
p A __ g0 o Py (13.3-48)
ot ot A
where
9
C, = a—(pcAcvc) (13.3-49)
Z

The finite difference form of this equation is given by

P.¢,cAt|"
_A?.j(p?jl_p?.j)_caé‘tn‘l' - /1f |

; 13.3-50
J +An ( )

mod,j

n+l _ »gn
Ac,j —AC_J-+

n+1

Pec,j

where Anmod is a correction term, defined later.
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The solution method uses donor-cell differencing to evaluate the convective term C,
in terms of the nodal fluxes w; (see Eq. 13.3-14) and nodal elevation (see Eq. 13.3-13).
Normally Amoq = 0 and C, is computed as follows

Wi —w

C,=——~— forw, ;=0 (13.3-51a)
Zm,j _Zm,j—l
WI'I+1 _w,'l

C,=—+——~— forw, <0 (13.3-51b)
Z Z

m,j+l ~ “m,j

Modifications to this formulation are made (i) to prevent cladding transfer outside
of the fuel and blanket region and (ii) to inhibit cladding transfer to flooded or blocked
nodes; the modifications consist simply of setting the appropriate values of w; equal to
Zero.

Additionally, adjustments must be made for the case where the molten cladding
area exceeds the available area Amax, defined by

n+l n+l n+l
Ao =4, - A — A7 (13.3-52)
where
Ar = total area for cladding allowed by the fuel
A; = area of the intact cladding (if any).

For the case where the computed Ac”j.l exceeds Amax, the following steps are taken:

(i) the condition is flagged by setting NFULL; =1 (initial value is 0), (ii) the molten
cladding area AZ;.I is set equal to Amax, and (iii) the computed area for the donor

segment is later adjusted consistent with step (ii).

To accomplish step (iii), we first estimate the volume of cladding convected into
segment j, denoted by I, from continuity considerations:

¢ e A"
PT,
L= AW —A?_j——pnﬂ Lle (z41-7) (13.3-53)
GJ

Rather than adjusting C, for the donor cell, we instead set w; (or wj:1) equal to zero
and compute a correction Amoq, which is the area change (negative) due to the volume of
fluid I transferred to the flooded cell. For example, for the case of the donor cell below
the flooded cell we have
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w; =0, AL, =-T,;/(z;-z,,) for NFULL, =1, w,,, =0. (13.3-54)
Similarly, for the case of the donor cell above the flooded cell we have

Wi =0, 4% =T, Mz, —2,.,,} for NFULL, =1, w,, ., <O0. (13.3-55)

mod, j+1 m,j+1

13.3.5 Reactivity Calculation
The reactivity change due to cladding relocation is computed by

AK=E('"7-’"}’)‘ W, (13.3-56)
J
where
mf = mass of cladding in the jth segment
my = original mass of cladding in the jth segment
W; = cladding reactivity worth distribution.

In the molten region, the mass is computed by

mi' = AcpAz|} (13.3-57)

where Az, =z, -z,

(13.3-58)
Outside the molten region the mass is evaluated using

n 0
m;=m; +ApAz

AP Az

3 (13.3-59)

Due to roundoff and other possible small errors, the total mass of cladding may not
be absolutely conserved which, if left uncorrected, would create anomalous reactivity
effects. To insure mass conservation, the computed mass distribution is renormalized
by the following steps:

M" = mj, (13.3-60)
J

M=% m, (13.3-61)
J
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m! -M° I M" —m' (13.3-62)

where the operation A — B indicates that A is substituted for B.

13.3.6 Moving Cladding Velocity Calculation

The cladding momentum equation is solved in a separate subroutine (TSCLD2) that
is called after the coolant dynamics equations have been solved. The terms dp/dz and F,
in the cladding momentum equation are evaluated at time t* + 1/2 At" (by averaging
values at t" and t"*1) to achieve maximum accuracy with respect to sodium-vapor-
induced cladding accelerations.

The pin friction term, (dp/dz)s, is evaluated at the end of the time step to obtain
maximum stability under conditions of strongly accelerating thin cladding films.
Substituting

n+l n n
V= A (13.3-63)

c,J =

into Egs. 13.2-15 and 13.2-16 and retaining only linear terms, we obtain an equation of
the form

Fii =yl + 35, v (13.3-64)
where

el _ S2UYV, |, .
1]1 D2 J fOI' Rej < (Re)break (133‘65)
n 32 U |n n
2 = D2 J for Rej < (Re)break (133‘66)
n bfpcvc Vc n n

yl,j - 2D J for Rej = (Re)break (133_67)
n bfpc vc n n

V=75 forRej= (Re), s (13.3-68)

The parameter Cy, is used to represent the momentum convective term
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av
Coj=Ve ac j
’ Z

(13.3-69)

This parameter is evaluated by alternative formulae depending upon whether the
segment is filled with cladding. For NFULL(j)=1, indicating a filled segment, the term is
estimated by the formula

n n avc n+1/2
Cm,j =Vc,j¥ j (133-70)
where the derivative (:;VC is obtained by rearranging the continuity equation:
/4
P
%= 1 ¢hf r _a(pcAc)_Vc (pLAL) (133_71)
iz pA | A ot 0z

and evaluating at time t” + 1/2 At". Two alternative equations are obtained, one for each
flow direction, as given by the following:

n+l n
avc n+l/2 1 ¢h/Rﬂ n —p” Ac,j _Ac,j
- +1/2 J c,j PR
aZJ (pc,jAc,jy A’c At
n+l n +1/2 +1/2
A" Pej =Pej  x (/Oc,_/+1Ac,j+1)yl _(/06,_;1‘16,_/)r (13.3-72)
e Atn _vc,_j
2w T
n
forw, . <0
n+l n
avc n+l/2 1 ¢h/Rﬂ ‘n —p” Ac,j _Ac,j
- +1/2 J c,j " —
aZJ (pc,jAc,jy A’c At
n+l n n+1/2 +1/2
- A" M " (/OC,./ACJ) - (pc,j—lAg,j_l (133-73)
c,j n c,J
At Zj 7%
n
forw, . 20

where quantities on the right-hand side of Eqs. 13.3-72 and 13.3-73 with the
superscript n+1/2 are evaluated at time t + At?/2 as follows

() =1/2[( ¥+ )n+1] (13.3-74)

For NFULL;=0, indicating an unblocked segment, we use the identity
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2

Ve Do 1% (13.3-75)
Jz 0z
and evaluate the momentum convection term as follows
2 2
C,;=1/ 2[(vc,j+l) -(v)) ]/(zm,ﬂl -z,;) forw) <O (13.3-76)
! " L 13.3-77
Cm,j =1/2|:(Vc,j)z _(Vc,j—l)Z}(Zm,j _Zm,j—l) foer’j =0 ( )

The discretized version of he moving-cladding momentum (Eq. 13.2-19), using the
linear approximation for F, (Eq. 13.3-64), and the symbolic representation for the
momentum convective term (Eq. 13.3-69), is given by

n+1/2 Avrf'
(o)™ G s

n+x +2
2 A, "2

~-YF,
A0

JoP
0z

n n n
Vi — YZ,jAvc,j

J j

0 if freezing (13.3-78a)
—{Prj by (v +4ve)
+1/2
A2 g

c,j

if melting

(13.3-78b)

Solving this equation for Av,, one obtains the form used in the CLAP program.

13.4 Input-Output Description

A listing of CLAP-related input variables is given in Table 13.4-1 as an aid in
preparing or modifying SAS input decks. Additionally, the input items on this list should
be rechecked when problems are encountered in the running of SAS cases with cladding
motion. This list contains all input items used directly by the following CLAP
subroutines: TSCLD1, TSCLD2, SODFRC and DENSIT and, in addition, input items used
to initiate CLAP and to calculate reactivity effects due to cladding motion (in subroutine
FEEDBK).

The CLAP output appears with both the main full printout and the boiling printout.
A sample output is shown in Figure 13.4-1. The output labels are generally self-
explanatory. The Fortran variable and units corresponding to each output item are
given in Table 13.4-2.

13-30 ANL/NE-12/4



Cladding Motion Model — CLAP

Table 13.4-1. Listing of CLAP-Related Input Parameters

Reference Recommended
Symbol Eq. No. Reference Block Location Values
Trer 13.2-38 TR 13 419 1700 K
Tm TESOL* 13 810-812 1700K[13-7]
A° 13.2-43 UEMELT 13 816-818  2.703x10°]/kg [13-7]
A° 13.2-43 UEMELT 13 816-818  2.703x10°]/kg [13-7]
Cps 13.2-41 CE 13 1070- 690.1 J/kg K[13-7]
1072

ICLADV 51 17 -

ICLADB 51 85 1

IDCLGO 51 125 0

IDCLSP 51 126 0

IDCLDE 51 127 0
Wi; 13.3-56 CLADRA 62 160-183 -
ps° 13.2-38 DENSS 63 35 7.256x103 kg/m?3t [13-7]
C1,C2,C3 13.2-28 C1,C2,C3 64 3-5 Eq. 13.2-28 [13-8]
AFRV,BFRV  13.2-5 AFRV, BFRV 64 168,169 0.316,-0.25
pc° 13.2-39 DENS 65 3 6.98x103 kg/m?3t [13-7]
B 13.2-38 AE 65 4 2.3x10-5/K* [13-7]
C 13.2-39 RHOCD 65 5 8.3x10-5/K* [13-7]
Um 13.2-18a VISMC 65 6 6.42x10-3 Pa's [13-7]
Thy 13.2-18b VISTR 65 7 1x10% Pa-s [13-3]
Us 13.1-18c VISSC 65 8 1x10% Pa-s [13-3]
q 13.2-18b XVISC 65 9 0.5
bs 13.2-16b CLADFR 65 10 0.02 [13-3]
(Re)break 13.2-16 REBRK 65 11 2100. [13-3]
€ 13.2-10 GMULTF 65 12 75.0 [13-5]
Olcrit 13.2-10 ALPHCR 65 13 0.0 [13-5]
(fps)o 13.2-11 FPSO 65 14 0.3s
X 13.2-11a EXPFPS 65 15 3.0
0 13.3-41 CLSTHR 65 17 1.0
a 13.2-18a AVISC 65 20 5492 K [13-7]
Cpc 13.2-42 CPC 65 21 621.7 ] /kg Kt [13-7]

*Orginally TME, but TME is now set equal to the solidus temperature TESOL.
tEvaluated at the melting temperature of 1700 K.
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Table 13.4-2. Summary of CLAP Output Items

Item Symbol FORTRAN Variable Units
CLAP Time Step Count n ICOUNT -
Axial Coolant Mode j J -
Main Axial (Nodal) Elevation Zm,j ZFM m
Refrozen Cladding Thickness 2Ars RCLAD1 m
Moving Cladding Thickness 2Ar, TCLAD1 m
Intact Cladding Temperature T; TCLAV K
Refrozen Cladding Temperature Ts TEMFS1 K
Moving Cladding Temperature Te TEMMC1 K
Moving Cladding Velocity Ve CVEL1 m/s
Coolant Flow Area Ay AREAC1 m?
Internal Flag LVEL -

(=1 in molten zone, =0 otherwise)
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Fig. 13.4-1. Sample CLAP Output
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